Mycoplasma pulmonis, a pathogen of the respiratory tract in rats, was inoculated intracerebrally into neonate rats and hamsters to determine if it would induce lesions in the ependyma. Hydrocephalus was induced in 116 of 120 rats and in 23 of 28 hamsters. The severity of hydrocephalus was greater in the rats than in the hamsters. Hydrocephalus Houston, Houston, TX 77025. localized in the brains of adult rats after intravenous inoculation. Since this organism has a tropism for the ciliated respiratory epithelia (12), it was hypothesized that M. pulmonis may be capable of inducing pathological changes of the ciliated ependyma. Neonate rats and hamsters, 3 to 7 days old, were inoculated intracerebrally with M. pulmonis to test this hypothesis.
Mycoplasma pulmonis, a pathogen of the respiratory tract in rats, was inoculated intracerebrally into neonate rats and hamsters to determine if it would induce lesions in the ependyma. Hydrocephalus was induced in 116 of 120 rats and in 23 of 28 hamsters. The severity of hydrocephalus was greater in the rats than in the hamsters. Hydrocephalus induction occurred only subsequent to inoculation of viable M. pulmonis. At 2 weeks of age, rats became refractory to induction of hydrocephalus. Light microscopy indicated that the hydrocephalus was communicating without an inflammatory response in the ventricles and meninges. Preliminary electron microscopy revealed that amorphous material covered portions of the ependymal surface and that cilia were sometimes matted together. It was suggested that the hydrocephalus was due to ciliary dysfunction or to an imbalance of cerebrospinal fluid secretion and absorption. This M. pulmonis-induced hydrocephalus may be a useful model for elucidating the pathogenesis of certain types of congenital hydrocephalus in humans.
Various animal models have been developed to study possible mechanisms involved in congenital hydrocephalus of humans. Hydrocephalus has been induced in neonate rodents with mumps virus (11) , influenza A virus (10) , reovirus type 1 (18, 15) , and suckling mouse cataract agent (6) .
Other models that are noninfectious have been demonstrated. A communicating hydrocephalus occurs spontaneously as an autosomal recessive trait in oh inbred mice (3) . The pathogenesis of the hydrocephalus in this mouse strain is unknown. A deficiency of vitamin A (19) or vitamin B12 (16) in pregnant rats will induce hydrocephalus in their newborn. Elemental tellurium when added to the diet of pregnant rats causes hydrocephalus in their young (5) .
The association of Mycoplasma with hydrocephalus induction has not been investigated. However, two reports have noted hydrocephalus production in Mycoplasma-inoculated rodents. Findlay et al. (7) reported that rats infected with lymphocytic choriomeningitis virus will occasionally develop hydrocephalus after intracerebral inoculation of Mycoplasma neurolyticum. Lemcke (14) localized in the brains of adult rats after intravenous inoculation. Since this organism has a tropism for the ciliated respiratory epithelia (12) , it was hypothesized that M. pulmonis may be capable of inducing pathological changes of the ciliated ependyma. Neonate rats and hamsters, 3 to 7 days old, were inoculated intracerebrally with M. pulmonis to test this hypothesis.
MATERIALS AND METHODS
M. pulmonis strain. The M. pulmonis inocula used throughout this investigation were derived from a strain obtained from Gail Cassell, University of Alabama, Birmingham. After receipt, the culture was inoculated intranasally into Mycoplasma-free rats to restore any virulence that may have been lost due to subculturing. The animals were killed 4 weeks post-inoculation, and portions of trachea were placed in broth medium. It was subsequently cloned three times on agar medium. This cloned isolate was then transferred to broth medium and, after 72 h of incubation at 37°C, was transferred to 5-ml vials for storage at -70°C. This cloned isolate was identified as M. pulmonis by the growth inhibition test described by Clyde (4 Quantitation of hydrocephalus. Brains were removed from the cranium and cut transversely at the level of the optic chiasm to evaluate the extent of the hydrocephalus. The relative diameter of the lateral ventricles and thickness of the cerebral cortex mantel overlying the ventricles were used to rate degree of hydrocephalus from 0 to 3+. The degree of hydrocephalus was rendered blindly by the same observer using a template to delineate the severity of hydrocephalus.
Inactivation of M. pulmonis inoculum. Newborn rats were inoculated intracerebrally with inactivated M. pulmonis suspensions to evaluate the hydrocephalus-inducing potential of nonviable Mycoplasma.
(i) Heat inactivation of M. pulmonis. A 2-ml vial of M. pulmonis was placed in a 56°C water bath for 40 min. The resulting inactivated culture was inoculated intracerebrally into 7-day-old rats. The culture before inactivation contained 2 x 107 CFU/ ml.
(ii) Ultraviolet inactivation of M. pulmonis. Two milliliters of a M. pulmonis broth culture was exposed to a General Electric germicidal ultraviolet light source at a distance of 5 inches (ca. 12.7 cm) for 10 min. This sterile culture was inoculated into eight, 4-day-old littermates by the intracerebral route. The culture before ultraviolet light treatment contained 2 x 107 CFU/ml.
Preparation of a M. pulmonis membrane inoculum. A membrane suspension was prepared by the method of Gabridge and Gamble (8) . Twenty milliliters of a 107-CFU/ml broth culture was centrifuged at 10,500 x g for 30 min. The pellet was suspended in 10 ml of sterile, distilled water. This suspension was subjected to 20 freeze-thaw cycles. It was then centrifuged five times at 34,000 x g for 45 min and suspended alternately in 0.5 M NaCl or beta buffer.
The pellet was suspended terminally in phosphatebuffered saline (pH 7.4) and inoculated intracerebrally into 4-day-old rats.
Preparation of a membrane filtrate inoculum. To determine if a soluble mycoplasmal product was implicated, a litter of 10 (Fig. 1) . Although hydrocephalus was induced in hamsters, the incidence and severity were less than those observed in rats. Of 28 hamsters inoculated with M. pulmonis, 5 had no hydrocephalus, 12 were graded as 1+, 9 were graded as 2+, and 2 were graded as 3 +. As in rats, the dilatation of the ventricular system was restricted to the lateral ventricles. Sixty control rats and eight control hamsters inoculated intracerebrally with either sterile broth or saline had no hydrocephalus.
Histological characteristics of the hydrocephalus. Whereas M. pulmonis characteristically causes a massive neutrophilic response within the respiratory tract (13) (Fig. 3) , although the lumens appeared to be patent. Whereas the choroid plexuses appeared normal in most instances, large, focal, round cell infiltrates were present in two animals (Fig. 4) .
Ultrastructural characteristics of the hydrocephalic lesions. Preliminary electron microscopy studies indicated changes in both the third ventricle and aqueduct. In the former site, amorphous material covered some areas of the ependymal surface. Mononuclear, resident phagocytes were present within the lumens (Fig. 5 ). Higher magnification of the third ventricle showed that the cilia and microvilli beneath the amorphous material were compressed and that basal bodies were disoriented (Fig. 6 ). Multiloculated bodies were observed within the aqueduct lumens in several instances. These bodies compressed and grouped cilia into large bundles (Fig. 7) . (Matted cilia are shown in greater detail in Fig. 8 Effect of intravenous inoculation of pregnant rats. Inoculation of 11 rats that were at various days of gestation did not result in the production of hydrocephalus in their newborn. However, five dams developed a yellow, M. pulmonis-induced vaginal discharge. Aborted fetuses, stillborn, and young dying within 4 h postparturation were delivered by five rats. M. pulmonis was isolated from the brains, livers, and lungs from selected stillborn and fetuses. The organism was also isolated from the brains and lungs of six apparently normal 3-week-old rats delivered by an infected dam.
Polyarthritis subsequent to intracerebral inoculation. An unexpected sequela to intracerebral inoculation of newborn rats was polyarthritis that occurred in 75% of the animals. The tibiotarsal joints were the most severely affected; however, all joints of the fore and hind limbs were arthritic in some animals. The arthritis usually became noticeable at 10 to 14 days after inoculation. The degree of inflammation reached a maximum at 16 to 18 days. After 1 month, only one-third of the animals had mildly swollen joints. Histologically, the arthritis was characterized by a mixed infiltrate of macrophages, lymphocytes, and polymorphonuclear cells in the synovial and surrounding tissues. In addition to polyarthritis of the limbs, inflammation occurred along the vertebral articulations after 10 days post-inocula- tion. Arthritic lesions did not occur in hamsters inoculated intracerebrally with M. pulmonis.
DISCUSSION
To our knowledge, this is the first report of Mycoplasma-induced hydrocephalus in a pathogen-defined host. The negligible degree of inflammation produced within the brain is a significant characteristic of this hydrocephalus model since hydrocephalus in human neonates is also often non-inflammatory in nature. We classify this hydrocephalus as of the communicating type since serial histological sections showed the ventricular system to be patent.
The histological characteristics of the M. pulmonis-induced hydrocephalus are similar to those present in the suckling mouse cataract agent-(6) and tellurium-induced (5) hydrocephalus models and to the oh mouse model (3) . Interestingly, it has recently been shown that suckling mouse cataract agent is a spiroplasma and is serologically related to Spiroplasma citri, a species within the order Mycoplasmatales (21) . The hydrocephalus in these three models was initially of the communicating type. In contrast, mumps (11) , reovirus (15) , and myxovirus (10) models are characterized by gliosis or obliteration of aqueduct lumens.
The pathogenesis of communicating hydrocephalus in both humans and animals is difficult to interpret; however, preliminary electron microscopy results suggest that the M. pulmonis-induced hydrocephalus may be due to pathological changes of the ciliated ependyma.
The observed lesions of the third ventricle and aqueduct would interfere with the ciliary propulsion of the CSF. This CSF stasis would then produce an increased CSF pressure within the lateral ventricles. An alternative explanation, or one that could be operative in concert with ciliary dysfunction, is an imbalance in CSF secretion and absorption produced by the amorphous material overlying the ependymal surface.
Rats inoculated at 14 days of age were refractory to severe hydrocephalus. This age-effect relationship could be due to the loss of cranial VOL. 16, 1977 elasticity of the neonate at 2 weeks of age. This assumption is based upon the premise that the CSF pressure is increased in infected animals enough to cause ventricular dilatation only if the cranial resistance is minimal. Supporting this hypothesis is the work of Hochwald et al. (9) , who produced obstructive hydrocephalus in cats by inoculating kaolin into the meninges. To evaluate the relationship of the skull with progressive hydrocephalus, they hemicraniectomized or craniectomized cats. In the former animals, it was found that the lateral ventricle with no overlying skull progressively dilated, whereas the other ventricle beneath the rigid skull dilated only moderately. This nonprogressive hydrocephalus was limited by a threshold at which increased CSF pressure elicited transventricular absorption of CSF. However, in animals that did not have intact skulls overlying ventricles, the increased CSF pressure never reached this threshold due to the expansive capacity of the skulls. The authors suggest that in human infants with hydrocephalus the expansile nature of the skull is partially responsible for the progressive ventricular dilatation even though the CSF pressure may be only slightly elevated.
Since inactivated cultures, M. pulmonis membranes, and a culture filtrate had no effect after intracerebral inoculation, it appears that viable M. pulmonis is required for induction of hydrocephalus. Similarly Thomas and Kaklamanis (20) , in a study of M. pulmonis toxicity, found that only viable organisms were capable of inducing toxic deaths.
The incidence and severity of hydrocephalus were greater in rats than in hamsters. These species differences may be attributable to lessened M. pulmonis replication in hamsters, since rats are natural hosts for this organism (2) . In the present study, M. hominis was also inoculated intracerebrally into newborn rats, but it did not induce hydrocephalus.
Further studies are needed to elucidate the pathogenesis of this M. pulmonis-induced hydrocephalus model. Determination of the mechanism operating in this model could be of significance in defining the pathogenesis of communicating hydrocephalus in humans.
